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Background
Schistosomiasis is a neglected tropical disease (NTD) that affects approximately 260 million people. In fact, a total of 700 million people, or more than 10 percent of the world's population, are at immediate risk for infection. Schistosomiasis is caused by schistosomes, parasitic flatworms commonly known as bloodflukes. Disease in humans is primarily caused by three species of schistosomes: Schistosoma mansoni, S. haematobium, and S. japonicum. Sources of fresh water, such as rivers and lakes, become contaminated with schistosome eggs when infected people urinate or defecate in or near the water. Eggs hatch into freeswimming larva (miracidia), which, if they penetrate certain species of freshwater or amphibious snails, develop and multiply into schistosome cercariae (larvae). Cercariae emerging from snails can survive for approximately 48 hours in the water (Grimes et al., 2015) and within seconds can penetrate the exposed skin of a person wading, swimming, bathing, or washing in the contaminated water.
Cercariae then migrate through the person's circulatory system to intestinal blood vessels, where they mature into adult worms. The adult worms then migrate to and live in very small blood vessels (venules)-the mesenteric venules (S. mansoni and S. japonicum) or the vesicular venules (S. haematobium). After mating, mature female worms produce between 200 and 2,000 eggs per day over an average of 5 years, depending on species (Kini, Dayoub, Raja, Pickering, & Thong, 2009 ). Only about half the eggs produced are excreted in the affected person's feces or urine. The remaining eggs become trapped in body tissues, causing major inflammation and cellular damage. This includes blood in urine and feces, periportal fibrosis and portal hypertension, bladder cancer, kidney problems, diarrhea, anemia, tiredness, and abdominal pain.
Women infected with S. haematobium may develop lesions of the cervix and vagina, vaginal bleeding, and pain during sexual intercourse (Kjetland, Leutscher, & Ndhlovu, 2012) . Studies have shown that female genital schistosomiasis is a risk factor for HIV transmission to women (Mbabazi et al., 2011; Secor, 2006) . Infected men may develop long-term or irreversible consequences, including infertility. Most people have no symptoms when they are first infected, except for minor fever and chills typically occurring within 2 months.
In 2012, a resolution by the World Health Assembly (Number 65.21) recommended that the World Health Organization (WHO) develop guidelines for initiating schistosomiasis elimination campaigns and that it elaborate a process to evaluate and certify the elimination of transmission (WHO, 2012) . Elimination of schistosomiasis remains a challenge because of high reinfection rates in heavily infected communities and the limitations of current disease control strategies. The development of new complementary tools and strategies for the control of schistosomiasis remains of interest to a broad range of stakeholders.
Figure 1 (following page) shows points in the disease transmission cycle where the spread of infection can be reduced: (A) treatment of human hosts, (B) environmental improvements, (C) snail control, and (D) point of contact restrictions. These intervention points are described further below.
A. Reduce the prevalence and intensity of infection
within the population. Infected individuals and at-risk populations can be treated through mass distribution of the antiparasitic drug praziquantel (PZQ). Preventative chemotherapy with PZQ is currently promoted in endemic countries as a safe and effective public health strategy to reduce the intensity and prevalence of infection by treating both infected individuals and entire communities determined to be at risk. Depending on the surveyed prevalence of schistosomiasis, school-aged children and high-risk adults in endemic areas are regularly treated with a dose of PZQ either annually, biennially, or triennially. Current formulations are restricted from being administered to children younger than 5 years of age; consequently, infected preschool aged children are typically not targeted despite their potential for contaminating water sources. 1 The World Health Organization (WHO) currently facilitates the donation of PZQ 600 mg tablets to countries for the treatment of school-aged children. The donated PZQ is manufactured by Merck KGaA (Darmstadt, Germany). The current lack of an oral drug therapy that can be safely administered to children younger than 5 years of age, coupled with growing concern over PZQ resistance among highly endemic communities (Doenhoff, Kusel, Coles, & Cioli, 2002) , supports diversification of disease control strategies.
B. Improve environmental conditions. Improvement of water, sanitation, and hygiene (WASH) facilities and practices has been shown to reduce contamination of water sources by infected individuals (Grimes et al., 2015) . For many endemic communities, sustainable WASH infrastructures take years to develop and may still not benefit individuals with moderate to heavy infection, such as fishermen and people in other professions who are frequently exposed to water sources but have limited access to basic sanitary facilities.
C. Snail control. Where feasible, water sources can be routinely treated with a cercaricide or molluscicide to reduce infective stage larvae (Evan Secor, 2014) . The prohibitive costs of routine chemical treatment, concerns over safety and the environmental impact on other aquatic species, and limitations to size of the water body that can be treated all restrict when and where snail control is practical and effective. D. Reduce contact with infected water. Preventing physical contact with known infectious water sources obviously reduces the potential for cercarial penetration of the skin. However, for many endemic communities who lack access to a safe source of drinking water and who perform daily activities in or near open bodies of water, limiting or preventing physical contact with infectious water sources is difficult, if not impossible. However, individuals exposed to an infected water source could fight transmission by routinely using a product to repel cercariae or inhibit cercarial penetration; such a PPP is referred to here as a cercarial anti-penetrant.
Among the available approaches to prevent and control schistosomiasis, the use of cercarial antipenetrants is the least developed; WHO does not recommend their use as part of an evidence-based strategy for schistosomiasis control or elimination. Until additional evidence can show PPPs effectively reducing the intensity of infection, and until they can be supplied in a cost-effective way to endemic populations, PPPs are unlikely to become part of a globally endorsed strategy to prevent, control, and eventually eliminate schistosomiasis.
That is not to say that topical cercarial anti-penetrant products do not have a potential role to play in schistosomiasis control. PPPs are successfully used in other infectious disease control and prevention strategies, such as the distribution and use of filter cloths and pipe filters for the prevention of Guinea worm disease (dracunculiasis), the promotion of long-lasting insecticidal nets (LLINs) for the prevention of malaria, and the adoption of condoms to prevent sexually transmitted diseases. By placing a tangible disease prevention tool into the hands of at-risk individuals and households, PPPs can create new entry points for health workers to discuss disease prevention and reinforce health promotion strategies among community members.
Schistosome Cercarial Anti-Penetrants
Many compounds and formulations have been described in the peer-reviewed literature as containing anti-penetrant properties (repellent, barrier, or cercaricide) for S. mansoni, S. haematobium, and S. japonicum cercariae. These include various formulations of DEET, dimethicone, and niclosamide. Table 1 summarizes studies we identified through a literature search on cercarial anti-penetrants. Among these studies, only two used a topical anti-penetrant for S. mansoni and S. haematobium as part of a randomized, double-blind, placebo-controlled field trial-and both were 1 percent niclosamide trials (Podgore et al., 1994; Abu-Elyazeed et al., 1993) . In studies that included laboratory testing on human subjects, four compounds showed a positive impact in significantly reducing infection of S. mansoni or S. haematobium: DEET (N,N-diethyl-m-toluamide) and LipoDEET (a liposome-based formulation); 1 percent niclosamide; and dimethicone.
Although 1 percent niclosamide-based lotion was shown to provide a high level of cercarial impairment that significantly reduced the likelihood of infection in a controlled laboratory setting (Bruce et al., 1992; Abu-Elyazeed, Podgore, Mansour, & Kilpatrick, 1993; Wulff, Haeberlein, & Haas, 2007) , a subsequent population-based study suggested that a 1 percent niclosamide lotion self-applied to the limbs and torso twice a week failed to prevent S. haematobium reinfection among Egyptian farmers (Podgore et al., 1994) . The conflicting results from the populationbased study may have been influenced by variation in skin coverage among study participants when applying the compound, including differences in the frequency of application and techniques used to rub the lotion on the skin.
Various concentrations of LipoDEET appear to provide anti-schistosomiasis properties in both human and animal models; a single skin application of 20 percent LipoDEET conferred 100 percent protection against all three species of human schistosomes (Ramaswamy, He, Salafsky, & Shibuya, 2003) . LipoDEET is commercially available in such products as Ultra 30 (Sawyer Products, Inc.) and Ultrathon (3M), which are marketed as insect repellents.
Among studies that involved animal models, concentrations of a cyclohexanecarboxamide derivative formulated in jojoba oil successfully (Kolářová, et al., 2013) .
Despite the evidence of cercarial anti-penetrant properties in certain compounds, endemic countries for S. mansoni, S. haematobium, or S. japonicum have been unsuccessful in leveraging a topical PPP to measure the impact that routine use has on moderate to heavy intensity of infection among different highrisk populations.
In this paper we seek to identify opportunities for and barriers to leveraging generic compounds as part of operations research efforts to understand the potential role of known anti-penetrants in the control and prevention of schistosomiasis.
Methods
Based on the results of our systematic literature search, presented in Table 1 , we initially identified nine subject matter experts on the use and application of cercarial anti-penetrants. The literature review used the search terms "Schistosomiasis or cercarial" and "topical or ointment or repellents" in PubMed. The search was restricted to publications between 1945 and 2012, and meta-analyses were excluded. Only studies that specified S. mansoni, S. haematobium, or S. japonicum as part of the abstract were included.
After contacting the nine initial subject matter experts, we used a snowball sampling technique to identify additional informants. In total, we identified 35 key informants through a mixture of internet searches for key terms, authors identified through the literature, and referrals from interviewees. We initially contacted each key informant by e-mail and invited the contact to participate in the study. We conducted interviews by telephone or Skype and asked for consent to record the interview using QuickTime. Interviews lasted on average 45 minutes. Informants were provided with the name of the primary investigator, the primary investigator's contact information, and the scope of the study. Individuals were encouraged to participate in an interview even if they felt they were not directly involved in studies involving cercarial anti-penetrants. Informants were also informed that answers would be confidential and that they could decline to answer any question or terminate the interview at any point.
Our key informant questionnaire was designed to collect information about
• the key informants' sociodemographics and professional affiliation and experience, including their experience with anti-penetrants
• their opinions on cercarial anti-penetrants and challenges to research and development • population(s) that should be targeted for antipenetrants and advocacy
• behavioral and resource factors that may influence successful use of anti-penetrants.
A copy of the survey guide is provided in the appendix.
Broad themes were identified by cutting and sorting quotes and expressions of the key informants into various groupings. Themes were then confirmed within and across each group through analysis of word and subject matter repetition, comparison of similarities and differences between key informants, and assessment of missing data-that is, information that was not shared by informants.
Limitations
The methodologies used in this study were not intended to demonstrate causation between the use of anti-penetrants and the reduction of schistosomiasis infections, nor elucidate the costs and feasibility of distributing anti-penetrants to high-risk groups. Rather, our intent was to identify and describe key factors that need to be addressed to reach entity to insure that manufacturers can get a return on investment.
Informants strongly agreed that the lack of funding/grant opportunities is a major problem for schistosomiasis researchers who wish to test the use and efficacy of PPPs among at-risk populations. While academia generates a lot of innovative ideas, researchers expressed frustration with being unable to find partnerships that secure the needed funding to publish results and apply research findings to routine implementation. In general, informants felt that there is a lack of enthusiasm to fund projects because, as one informant said, there is "no incentive for pharmaceutical companies to fund research. Researchers are interested in an academic view, but are not interested in the question 'Is there a commercial product at the end of the day?' " Certain informants suggested that researchers need to be more proactive in approaching their respective university chief information officers to disclose research so that more ideas, even those considered accidental findings, can penetrate through the schistosomiasis research community.
Developing large double-blinded field trials to prove efficacy is extremely difficult and expensive, including the long time frame to obtain approval, secure access to parasites, and determine end points to establish proof of principle. While animal models are straightforward as a preliminary screen for effectiveness, there remains a need for clinical studies (and subsequent field studies) on humans. Human skin needs to be used given its unique cytokine and hormonal components. New topical products for schistosomiasis prevention would first need to be tested on a group of persons never exposed to the cercariae. In this regard, the use of compounds that have already gone through rigorous regulatory review and approval for use in a topical product at established concentrations and frequencies could save considerable time and resources.
Challenges to Product Availability
The majority of informants indicated that the actual development of a compound would not be difficultmany of the formulations are simple, and previous studies discovered compounds that were "whipped consensus on the role of cercarial anti-penetrants for schistosomiasis control, and the potential opportunities to facilitate this research. Given some key informants' limited awareness of the management and implementation of routine disease control interventions and what constitutes a cost-effective product, key informants may have underestimated or overestimated the practicality of developing and scaling up the use of a PPP as part of a globally recognized evidence-based strategy to control and eliminate schistosomiasis.
Results
The majority of the 15 key informants interviewed were affiliated with a university or research institute (n=10), followed by those affiliated with international nonprofit organizations/institutions (n=3) and private industry (n=2). Informants' roles ranged from microbiologists and parasitologists to directors of international schistosomiasis projects, physicians, and scientific advisors.
Results of the key informant interviews highlighted two major obstacles to translating research into the development of a PPP for schistosomiasis control programming:
• minimal available evidence to show the effective use of topically applied products in community-based settings
• limitations of current development models to sustain product availability among high-risk groups in low-income settings.
Challenges to Assessing Effectiveness
Informants recognized that although the proof of concept for a schistosome cercarial anti-penetrant has been established in animal models, manufacturers have minimal support or incentive to prove efficacy in larger population-based studies in high-risk populations. These populations often have insufficient disposable income to purchase preventive health products or are not aware of the links between environment and health outcome and therefore do not value a topical product. One informant expressed concern that there may not be a viable market for a topical product without investment by a large global up in people's labs" and cost "pennies to make. " One informant noted that the production schemes are not complicated, only that products would need to be tested for shelf life in tropical settings. Again, informants suggested that manufacturers could adjust the pharmacokinetics of existing products (e.g., commercially available products used for the prevention of cercarial dermatitis, or products marketed as insect repellents) to avoid lengthy safety testing processes.
In general, the informants said they believe that manufacturers do not see NTDs as a top priority because manufacturers do not believe or perceive that NTDs cause mortality. In addition, without assurances that products would reach end users, manufacturers do not have a strong motivation to invest in product development. Some informants said enough of the population would need to purchase the product to ensure a manufacturers' profit expectations, or the manufacturer would require a substantial tax incentive for donating unsold product if another global entity did not pay for it. As one informant indicated, if adequate supply and return on investment for the manufacturer are not addressed, then "the product will remain stagnant. "
One informant suggested that a smaller market be created in wealthy countries first, particularly among travelers, and then expanded to endemic countries where manufacturers could benefit from improved public relations by aligning with WHO's schistosomiasis elimination efforts. Another informant said that the market will remain unclear as long as the emphasis of endemic countries is on obtaining donated quantities of PZQ for school-aged children and not on developing long-range plans and more nuanced approaches to address transmission in high-risk populations.
PPPs are currently not among WHO's advised strategies for the control and elimination of schistosomiasis. Informants had a strong sense that in order for any new product to be recommended, the product (1) could not be "in adversarial competition with current treatment programs, " as one informant said, and (2) would need to be perceived as complementary to the primary strategy that espouses that schistosomiasis can be treated with PZQ, which remains the main global strategy to reduce burden of disease. Informants suggested that a topical product could complement other public health strategies including improved sanitation, use of molluscicides, and health education.
Other Considerations
Responses related to the effectiveness and availability of PPPs could be further categorized by the following:
• characteristics of the targeted population (high-risk groups)
• qualitative properties of the product
• behavioral changes required to support product use.
Target population. Key informants suggested that children, individuals in high-risk occupations, and international development professionals living near or around known sources of infection would benefit from a topical anti-penetrant. It was noted that primary school children (5-14 years of age) are more likely to be exposed to infection when swimming and are quickly reinfected after treatment. Similarly, children less than 5 years of age living in high-risk areas can become exposed simply by wading in water and are not typically targeted with PZQ during mass drug administration campaigns. Informants identified occupations that are at a higher risk for infection: farmers, rice field workers, clothes washers, car washers, fishermen, sand harvesters, and canal cleaners.
Depending on the frequency of exposure to water sources suspected of being infected, people in these occupations would need to consider the practicality of routinely using a PPP in order for the product to be effective. In contrast, tourists, humanitarian workers, soldiers, missionaries, and Peace Corps volunteers may only need to apply an anti-penetrant in special circumstances.
Product properties. We identified several product characteristics that would make a topical product more attractive to users. Formulations should be long lasting, nontoxic, not damaging to clothing, hydrophobic, stable in tropical climates, and effective at killing or repelling multiple species of cercariae. Tactile and sensory preferences would likely influence use. To encourage multiple applications, a product communication strategy to reinforce the routine indicated use of the product-correct application, correct amount, correct coverage, correct time.
Even if such behavioral changes could be made, national schistosomiasis control program managers may not be interested in promoting use of the product unless the product can be made available to endemic communities free of charge, similar to other drug therapies provided for preventive chemotherapy distribution campaigns.
Discussion
As a complement to current control interventions, the comparative costs and comparative effectiveness of PPPs over strategies like mass drug administration are perhaps less important than articulating the overall business model to guide product use and availability among endemic communities. The business model to develop a topical anti-penetrant for schistosomiasis should therefore be considered concurrently with the design of randomized control trials. One of the most feasible strategies suggested by informants is to modify existing compounds and products-preferably products that have already been approved for use through a well-documented regulatory process. Indeed, this approach quickly establishes a new product's legitimacy and safety and decreases manufacturer testing time and costs. While the manufacture of product in endemic countries could further reduce costs by eliminating overseas shipping, promoting local manufacture does not necessarily ensure sustained product availability to high-risk individuals in low-income communities.
The following proposed business models, if leveraged, could promote research to test the efficacy of topical anti-penetrant products in lowincome communities and could promote longterm accessibility.
Venture Philanthropy. Venture philanthropic approaches have successfully leveraged therapeutic development networks to advance product development and use. For example, the use of eflornithine to treat African would need to be easy to apply, perhaps with a spray-on or other mechanism that could facilitate appropriate skin coverage with minimal effort, and would need to offer sufficient skin coverage. The product packaging should also be designed for mobility (easy for users to carry). Although regulatory agencies may restrict products from having a dual purpose, informants encouraged PPPs for schistosomiasis to have a dual purpose, such as also being a soap for washing the body or a cream for moisturizing the skin. Other ideas included adding a mosquito repellent or an attractive fragrance for use as a deodorant or perfume. Informants specified the product should not feel greasy or oily and not cause skin irritation (Table 2) . Behavioral change requirements: Informants expressed concern over the practicality of expecting targeted populations to adopt the necessary behavioral changes to use a topical product effectively.
As noted by one informant, since schistosomiasis is a "slow disease" it would be important for those at risk to understand the connection between use of the product and its benefits. Unlike mosquito repellents and sunblock lotions, which prevent the immediate negative stimulus of an insect bite and sun burn, respectively, symptoms of schistosomiasis infection are not experienced immediately, so people in endemic areas may not connect environmental exposure with the disease, or use of the product with benefits.
For this reason, introduction of a schistosomiasis PPP would require an intensive behavioral change trypanosomiasis (Robays, Raguenaud, Josenando, & Boelaert, 2008) , rather than its original marketed purpose as a facial hair remover, is an example of how venture philanthropy can help repurpose a commercially marketed product into a product for global health use. In the case of schistosomiasis, a venture philanthropic model could enable a donor organization to provide early-stage funding to manufacturers, such as 3M or Sawyer International, to further test the impact of existing commercial products that contain cercarial anti-penetrant properties on a broad spectrum of schistosome species. Linking this model with a therapeutics development network composed of specialists in schistosomiasis clinical research and behavioral science could expedite and promote quality, safety, and efficiency in clinical trial research and help accelerate the delivery of a topical anti-penetrant among high risk-groups in schistosomiasis-endemic communities for research.
One-for-One and Drug Donation Programs. Once the effectiveness of a topical anti-penetrant is established, disease control programs will need to ensure longterm availability of the product among those most in need. This could be achieved either through a one-for-one model or through the creation of a drug donation program.
In a one-for-one marketing strategy, consumers who purchase the product are covering the cost of providing the new product for free to individuals in low-income countries; costs of the provided product are built into the retail price. This business model is used by companies like TOMS shoes and Bombas socks. Similarly, international development professionals or tourists traveling to schistosomiasisendemic countries, or swimmers who seek a product to prevent cercarial dermatitis, could purchase a broad spectrum anti-penetrant for schistosome infections and in doing so help offset costs for the company to provide the product for free to those in need and unable to pay.
To sustain product availability, NTD control and elimination programs for lymphatic filariasis, onchocerciasis, trachoma, soil-transmitted helminths, and schistosomiasis have benefited from effective drug donation programs. For example, the Merck Mectizan Donation Program has provided ivermectin (Mectizan) to combat onchocerciasis (river blindness) around the world since 1987 (Sturchio, 2001 Even if the biological effectiveness of a topical anti-penetrant to prevent schistosomiasis is established and product availability is addressed through alternative business models, the remaining obstacle in operationalizing use of a product will be around repeated and continuous application. As demonstrated by a study conducted by Podgore and colleagues (1994) , which used a 1 percent niclosamide lotion in communities in Egypt, operationalizing wide-scale use of a PPP requires a strong behavior change communication framework. More recently this was demonstrated in a study looking at the additive impact of topical repellents with LLINs on plasmodium species-specific prevalence among malaria endemic villages in Cambodia. Despite instruction and promotion of the repellent's daily use, usage was suboptimal and in combination with LLINs showed no difference in plasmodium prevalence compared to LLINs alone (Sluydts et al., 2016) .
Further behavior change communication research on PPPs would need to be an integral part of the research protocol developed for randomized control trials to explain which factors would contribute to reinforcing or enabling product use behaviors. In particular, additional research focused on the knowledge, attitudes, and practices of high-risk groups could improve the design and structure of communication channels and messages to
• reinforce behaviors (e.g., What are the most effective strategies to encourage routine application of topical product to the skin?)
• remove policy constraints (e.g., What impact does WHO endorsement of a topical product have on use and availability?)
• change ideational factors (cognitive, social, and emotional) related to PPPs (e.g., How do topical product design and purpose affect PPP use and skin coverage? How does perception of disease risk influence adherence to routine use of a product?).
Conclusions
Given the high reinfection rates of schistosomiasis in various parts of the world and limitations of current treatment guidelines and control activities, achieving elimination targets for S. mansoni, S. haematobium, and S. japonicum through preventative drug therapy alone is challenging without adopting more comprehensive control and prevention strategies, including snail/cercariae control and improved water and sanitation. A lack of evidence to conclusively dismiss the use of cercarial anti-penetrants as part of a PPP approach to prevent schistosomiasis at the point of contact continues to feed aspirations to identify and develop new anti-penetrants.
Results of key informant interviews suggest that future pathways to study the impact of topical anti-penetrants in low-resource endemic areas must consider the business modalities to enable product availability and sustain supply, as well as the behavioral factors that influence effective product use. Furthermore, future funding opportunities depend on the capacity and willingness of researchers to actively engage with manufacturers of commercially available products and explore alternative business models. Early public-private partnerships, including engagement with product manufacturers, behavioral researchers, therapeutic networks, and coordination with international policy groups (e.g. WHO) and Ministries of Health in endemic countries, could address the financial and logistical challenges of human testing and provide a pathway to new evidence-based topical anti-penetrants for the prevention of schistosomiasis.
